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Abstract

Background Structural variants (SVs) such as deletions, duplications, and insertions are known to contribute to phe-
notypic variation but remain challenging to identify and genotype. A more complete, accessible, and assessable col-
lection of SVs will assist efforts to study SV function in cattle and to incorporate SV genotyping into animal evaluation.

Results In this work we produced a large and deeply characterized collection of SVs in Holstein cattle using two
popular SV callers (Manta and Smoove) and publicly available Illumina whole-genome sequence (WGS) read sets
from 310 samples (290 male, 20 female, mean 20X coverage). Manta and Smoove identified 31 K.and 68 K SVs, respec-
tively. In total the SVs cover 5% (Manta) and 6% (Smoove) of the reference genome, in contrast to the 1% impacted
by SNPs and indels. SV genotypes from each caller were confirmed to accurately recapitulate animal relationships esti-
mated using WGS SNP genotypes from the same dataset, with Manta genotypes outperforming Smoove, and dele-
tions outperforming duplications. To support efforts to link the SVs to phenotypic variation, overlapping and tag

SNPs were identified for each SV, using genotype sets extracted from the WGS results corresponding to two bovine
SNP chips (BovineSNP50 and BovineHD). 9% (Manta) and 11% (Smoove) of the SVs were found to have overlapping
BovineHD panel SNPs, while 21% (Manta) and 9% (Smoove) have BovineHD panel tag SNPs. A custom interactive
database (https://svdb-dc.pslab.ca) containing the identified sequence variants with extensive annotations, gene
feature information, and BAM file content for all SVs was created to enable the evaluation and prioritization of SVs

for further study. lllustrative examples involving the genes POPDC3, ORM1, G2E3, FANCI, TFB1M, FOXC2, N4BP2, GSTA3,
and COPA show how this resource can be used to find well-supported genic SVs, determine SV breakpoints, design
genotyping approaches, and identify processed pseudogenes masquerading as deletions.

Conclusions The resources developed through this study can be used to explore sequence variation in Holstein
cattle and to develop strategies for studying SVs of interest. The lack of overlapping and tag SNPs from commonly
used SNP chips for most of the SVs suggests that other genotyping approaches will be needed (for example direct
genotyping) to understand their potential contributions to phenotype. The included SV genotype assessments
point to challenges in characterizing SVs, especially duplications, using short-read data and support ongoing efforts
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to better characterize cattle genomes through long-read sequencing. Lastly, the identification of previously known
functional SVs and additional CDS-overlapping SVs supports the phenotypic relevance of this dataset.

Keywords Cattle, Holstein, Structural variants, SNPs, Indels, Visualization, Database

Background

Whole-genome sequence (WGS) datasets continue to
expand for animals including cattle and other livestock
species, and studies characterizing thousands of indi-
viduals within a given species have been published [1-4].
Generating information on sequence variation (sites of
variation and genotypes), which is a main outcome of
these efforts is challenging due to the resources involved
in acquiring the sequence data and due to complexities
of data sharing, management, and processing. Moreover,
these analyses don’t produce a final, complete under-
standing of the genome variation in a population but
rather these efforts are ongoing, with updates to soft-
ware, reference genomes, sequencing technology, and
sample numbers expected to deliver additional or more
accurate information.

Structural variation is generally defined as chromo-
somal genomic rearrangements greater than 50 bp,
including changes in copy number (insertions, deletions,
and duplications), orientation (inversions) and chromo-
somal translocations and fusions. Structural variation is
less explored than single-nucleotide variation (SNPs and
indels); however, it has been shown to be an important
source of monogenic and complex trait variation in cat-
tle [5]. The Polled Celtic variant, found in some hornless
cattle, is a complex 202 bp indel [6], while an 80 kb dupli-
cation is responsible for a polled phenotype in Friesians
[7]. The colour sidedness phenotype observed in Belgian
blue and brown Swiss cattle is the result of two serial
translocation events involving the KIT locus [8]. SVs
have also been found to cause genetic defects, such as a
3.3 kb deletion in the FANCI gene that leads to brachy-
spina syndrome in Holstein cattle [9], and an embryonic
lethal 138 kb deletion on chromosome 9 encompass-
ing the TFBIM gene [10]. SVs have been reported to be
associated with economically important traits in Chinese
indigenous cattle, such as immunity, meat production or
quality, and hair development [11] and may play a role
in environmental adaptability in Mongolian and Hainan
cattle [12]. Several studies have suggested a link between
copy number variation and phenotypes such as resistance
to gastrointestinal nematodes in Angus cattle [13-15],
mastitis in dairy cows [16], postpartum feed intake and
hoof health [17], and feed intake in Holstein cows [18],
while large deletions have been observed in association
with reduced female fertility in Bos indicus [19] and Nor-
dic Red cattle [20].

Here we describe the processing of whole-genome
sequences from 310 Holstein cattle downloaded from
NCBI SRA to deliver an updated, high-quality collec-
tion of structural variant (SV), SNP, and indel sites and
genotypes. Although we and others have previously iden-
tified variants of various types including SVs in large
collections of animals [11, 17, 21-31], the availability of
more samples and the opportunity to apply new analy-
sis and visualization tools led us to undertake this effort.
To increase the utility of the resulting variant collections
we also created an interactive database (https://svdb-dc.
pslab.ca) that allows read alignments for all 310 samples
to be inspected for any SV of interest in the dataset. Tag
SNPs from WGS and overlapping and tag SNPs from two
bovine SNP chips are included with each SV entry, along
with functional impact predictions and genome feature
overlap information. This dataset and accompanying
database can be used in ongoing efforts to link sequence
variation to phenotypic differences in Holstein cattle.

Methods

Samples

Holstein cattle genome sequences were identified in
NCBI SRA and downloaded (Additional file 1), with the
additional requirement that the datasets were generated
by paired-end whole genome sequencing on an Illu-
mina instrument, with a minimum average read length
of 75 bp. Samples with a minimum fold coverage of
10xwere sought, and for samples with a predicted cover-
age greater than 40xreads were randomly sampled to a
target depth of 30x. Following read alignment (see Vari-
ant identification and genotyping), per-chromosome read
depth was calculated for each sample using mosdepth
[32], and sample sex was inferred through X:autosome
and Y:autosome read depth comparisons.

Variant identification and genotyping

Sequence reads were trimmed using Trimmomatic v0.39
[33] and aligned to the Bos taurus reference genome
ARS-UCD1.2 [34] augmented with the Y chromosome
from assembly Btau5.0.1 using burrows-wheeler aligner
v0.7.17 [35]. Base quality score recalibration was per-
formed using GATK BaseRecalibrator and ApplyBQSR
[36]. Potential variant sites were detected using GATK
HaplotypeCaller, and the resulting GVCF files were
jointly genotyped with GATK GenotypeGVCFs. SNPs


https://svdb-dc.pslab.ca
https://svdb-dc.pslab.ca

Grant et al. BMC Genomics (2024) 25:903

and indels were hard-filtered using GATK VariantFiltra-
tion. SNPs were filtered if they met any of the following
criteria: QualByDepth (QD)<2, FisherStrand (FS)>60,
RMSMappingQuality (MQ) <40, MappingQualityRank-
SumTest (MQRankSum)<-12.5, ReadPosRandSumTest
(ReadPosRankSum) < -8. Indels were filtered if they met
any of the following criteria: QualByDepth (QD)<2,
FisherStrand (FS)>200, ReadPosRandSumTest (Read-
PosRankSum)<-20. SVs were identified using Manta
[37] and Smoove [38]. Both SV callers use joint calling of
genotypes in order to use cohort information to improve
genotyping accuracy and create a single set of genotype
calls across samples. The following filters were applied to
generate a final set of Smoove SVs based on the develop-
er’s recommendations [38]: Mean Smoove Het Quality >3
for all SVs, and DHFFC (fold change for the variant depth
relative to flanking regions) <0.7 for deletions and >1.25
for duplications. Manta does not suggest parameters for
downstream filtering. The MSHQ is the mean quality
score across heterozygous samples for that variant, rang-
ing from 1-4. The DHFFC filter discards SVs where the
average coverage within the SV is too similar to that of
the surrounding region, as this can indicate a false posi-
tive. Manta does not report MSHQ and DHFFC, as these
are specific to Smoove and its component programs. It
is possible to do further filtering of both files, as Manta
and Smoove report FORMAT values related to genotype
quality, depth, and paired read support, but in the inter-
est of generating an inclusive set of SVs, we opted not to
do this. SVs larger than 0.5 Mb were removed, as were
variants on non-chromosomal contigs.

SV characteristics and SV set overlap

Graphical and text summaries of SV characteristics were
generated from SV VCEF files using bcftools [39], vcftools
[40], the pysam [41, 42] Python package, and the kary-
oploteR [43] R package. For the calculation of total and
percent affected bases, SNP loci were counted as a single
base, indels and SV insertions as the absolute difference
between the reference allele and first alternative allele,
and SV deletions and SV duplications as the length of
the reference allele. A set of SVs detected by both Manta
and Smoove (“shared SVs”) was generated using a Python
script that uses pysam [44]. The following criteria were
used to identify shared SVs: the SV type was the same;
the SV boundaries overlapped such that the overlapping
portion represented at least 90% of the length of each SV;
at least 90% of the genotypes matched; and there were
no opposing homozygous genotypes. When plotting
characteristics of the shared set or when using the geno-
types of the shared set to estimate animal relationships,
the Manta-supplied genotypes were used unless stated
otherwise.

Page 30f 18

SV genotype evaluation

Autosomal SV genotypes from Manta (n=30,112; mean
per-site missing rate=0.000), Smoove (n=65,687; mean
per-site missing rate=0.003), and both callers (shared
SVs; n=8,443; mean per-site missing rate=0.000) were
each used to estimate sample relationships using the
KING kinship coefficient estimation [45] as implemented
in vcftools and run using the -relatedness2 option.
For each pair of samples, the kinship coefficient was
also estimated using SNPs. Due to the large number of
SNPs identified, a single random sample of 20,000 bial-
lelic sites with missing rate less than or equal to 0.1 was
used in place of the full SNP set. For each animal pair the
relationship inferred from SVs was plotted against that
obtained using SNPs, and the Pearson correlation was
calculated using results for all sample pairs. Because loci
number can affect the KING results [45], an additional
random sampling approach was used where the correla-
tion was calculated between the SV and SNP estimates
for each of 100 random samples (with replacement) of
2,000 SV loci. An indel vs SNP comparison was also per-
formed, using a random sample of 20,000 indels (biallelic;
missing rate < =0.1) as the set from which 100 samples of
size 2,000 were drawn. The distributions of correlations
were then plotted for all SV sets and the indel set.

SV overlap with SNP chip markers

The positions of BovineSNP50 (v3; 53,218 loci) and
BovineHD (777,962 loci) SNP chip (Illumina, San Diego,
CA, USA) loci were determined on the study genome
assembly using genotype_conversion_file_builder [46].
These locations were then compared to those of the SVs
using the pysam and pandas [47, 48] Python packages
to identify overlapping SNPs for each SV (i.e. SNPs with
positions located within the SV region).

Linkage disequilibrium between SVs and SNPs

The genotypes for SNPs on the BovineSNP50 and
BovineHD SNP chips were extracted from the study SNP
VCF file using position and allele information gener-
ated using genotype_conversion_file_builder. A custom
Python script was used to calculate the squared correla-
tion coefficient 7* between SVs and SNP chip loci, and
between SVs and WGS SNPs, encoded as 0, 1 and 2 to
represent the number of non-reference alleles. The 7 val-
ues are equivalent to those obtained using the vcftools
—geno-r2 option [40]. For each SV, SNPs were examined
beginning on either side of the SV and extending up to
10 kb away. SNPs with r*> =0.8 were recorded as tag
SNPs; once five tag SNPs were identified no further SNPs
were considered for that SV.
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Variant annotation

Reference SNP and indel IDs, or rs IDs, were assigned
to SNPs and indels using bcftools annotate [39] with
reference SNP and indel data (Bos taurus release 5 for
ARS-UCD-1.2 and Btau_5.0.1) downloaded from the
European Variant Archive (EVA) [49]. Ensembl VEP ver-
sion 105 [24] was used to make functional impact pre-
dictions for SVs, SNPs, and indels. VEP was run using
the —pick option, which reports one set of annotations
per variant. To obtain a complete list of genes with over-
lapping exons or coding sequences (CDS) for each SV,
bedtools intersect [50] was used to compare SV sites to
genome features downloaded from Ensembl (Bos_tau-
rus.ARS-UCD1.2.105.chr.gtf.gz for autosomes, the X
chromosome, and the mitochondrial genome) and NCBI
(GCF_000003205.7_Btau_5.0.1_genomic.gff.gz for the Y
chromosome). An overlap of at least 10 bp was required
for the overlap to be recorded, to reduce the number of
overlaps caused by processed pseudogenes, which are
mRNA-derived copies of genes inserted in the genome
that can lead to artifactual deletions spanning introns
with, in some cases, exon overlap.

Structural variant database

SV, SNP, and indel information from this study are availa-
ble with raw read alignments and analysis results through
a custom database called the Structural Variant Database
for Dairy Cattle (SVDB-DC). SVDB-DC is freely acces-
sible at https://svdb-dc.pslab.ca and is hosted on Digital
Research Alliance of Canada cloud resources [51]. SVDB-
DC is written in JavaScript and uses the React frame-
work [52] for Ul components and JBrowse 2 [53] for the
genome viewer. SVDB-DC includes the VEP-annotated
SVs, SNPs, and indels as well as BAM file content for
genome segments that overlap with the SVs (plus 50% of
the length of the SV on either side), from all 310 samples.
Searchable “SV cards” provide extracted content from
the VCF files (e.g. allele frequency information, genotype
counts, Hardy—Weinberg equilibrium (HWE) informa-
tion, impact consequences), as well as the results from
other analyses not captured in the VCF file (overlap-
ping SNPs, tag SNPs, whether the SV was identified by
both SV callers, genome feature overlap). When an SV
is viewed in the database, read alignments are automati-
cally loaded for a random selection of samples from each
observed genotype class.

Results
Samples
The 310 Holstein samples yielded between 8- and 27-fold
autosome coverage (Additional file 1), with a mean auto-
some coverage of 20-fold (Fig. 1A). As MT variants were
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Fig. 1 Autosomal fold coverage and sex chromosome to autosome
fold coverage ratios for the 310 Holstein samples processed in this
study. A Histogram of autosome fold coverage. B Histogram of MT
genome coverage with an inset plot showing for 0-to-60-fold
coverage (C) Sex assignment of samples based on a scatter plot
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classified as female
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assessed we examined the coverage of the MT genome.
A much larger range of values was obtained (Fig. 1B)
possibly reflecting different sample sources. For sex
assignment, autosome to sex chromosome ratios were
visualized (Fig. 1C), leading to the assignment of 290
samples as male and 20 samples as female. The inferred
sex matched the sex stated in the NCBI BioSample
record in all 208 cases where sex information was pro-
vided (197 male and 11 female). Interestingly, two of the
male samples, SRS3416799 and SRS7490417, produced
Y:autosome ratios close to 1 with X:autosome ratios of
near 0.5, which is consistent with an XYY genotype or
XY/XYY mosaicism, but further work (e.g. karyotyp-
ing) would be required to confirm this to be the cause.
Four male samples showed coverage patterns intermedi-
ate between female and male (ERS2600184, ERS2600232,
ERS2600263, ERS2600264). Our inferred sex (male) for
these samples is consistent with the BioProject descrip-
tion (ID PRJEB27379) which states that popular sires
were sequenced. The reason for the unusual coverage
ratios for these samples is not known.

Variant identification, SV characteristics and SV set overlap
Among the 310 study samples, GATK identified approx-
imately 20 M SNPs and 3 M indels and Manta and
Smoove returned 31 K and 68 K bi-allelic SVs, respec-
tively (Table 1). The potential functional importance
of SVs is reflected in this dataset by the total size of the
affected genome regions relative to that affected by SNPs
(Table 2). Comparison of the size distributions of the var-
iants identified by Manta (Fig. 2A) and Smoove (Fig. 2B)
highlights differences between the program results. For
example, Manta did not report any deletions or insertions
less than 50 bp in length. Curiously, Smoove reported
several (140) deletions 1 bp in length (note the bar on the
left side of Fig. 2B). These were removed during annota-
tion (VEP flagged them as errors) and are not included in
the final SV database. Alternative allele frequency distri-
butions for Manta (Fig. 2D) and Smoove (Fig. 2E) appear
to be similar for deletions but not duplications, with a

Table 1 Number of each variant type detected in the Holstein
dataset by Manta, Smoove and GATK

Type Manta Smoove Shared?® GATK

DEL 21,566 60,500 8029 -

DUP 3405 7050 583 -

INS 6228 - - -

INDEL - - - 3,281,177
SNP - - - 19,857,394
ALL 31,199 67,550 8612 23,138,571

2 Shared represents the counts of SVs detected by both Manta and Smoove
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Table 2 Number and percentage of reference genome bases
covered by variants detected with Manta, Smoove and GATK

Manta Smoove GATK

Type

DEL 70,723,108 (2.65%) 108,569,775 (4.06%) -
Dup 54,106,751 (2.03%) 53,541,126 (200%) -
INS 735,523 (0.03%) - -
INDEL - - 15,043,166 (0.56%)
SNP - - 19,857,394 (0.74%)
ALL 125,565,382 (4.70%) 162,110,901 (6.07%) 34,900,560 (1.31%)

Percentage (shown in brackets) of genome based on a genome (1-29, X, Y,
MT) length of 2,671,711,444 bp (Bos taurus reference genome ARS-UCD1.2
augmented with the Y chromosome from assembly Btau5.0.1.)

pronounced absence of mid to higher frequency dupli-
cations in the Manta results. The cause of this absence
is unknown. To visualize the distribution of SVs on the
genome, Manta SV, Smoove SV, and gene locations and
densities were plotted on the reference assembly using
karyoploteR (see Additional file 2). The plot shows that
both callers identify variants throughout the genome,
and that there are many regions where both callers
report a high density of SVs. This pattern is assumed to
be influenced both by the true SV distribution and by the
limitations of short-read assessment of repetitive or low-
complexity regions of the genome.

SV genotype evaluation

As a quality control step to assess SV genotype quality
and to confirm sample correspondence across the various
variant data sets, SV genotypes from Manta and Smoove
were used to estimate relationships between each pair
of animals in the dataset, using kinship coefficients esti-
mated using KING [45]. The SVs from both programs
and from the merged set produced kinship coefficients
highly correlated to those from SNPs (Fig. 2JKL). To bet-
ter compare the performance of the different SV types
and programs in terms of the ability of genotypes to esti-
mate animal relationships (as a proxy of genotype quality
in the absence of knowledge of known SVs or trios), the
analysis was repeated using random samples of variants
(100 samples of 2,000 loci), to remove the effect of loci
number on the results. GATK indel genotypes produced
the highest correlation with SNPs, followed by the shared
set of SVs (Fig. 3). Deletions outperformed duplications,
and for a given SV type the Manta results outperformed
those of Smoove (Fig. 3).

Structural variant overlap with SNP chip markers

To gauge whether the discovered SVs can potentially
be genotyped using SNP chip signal intensity-based
approaches like those used by PennCNV [54] and
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QuantiSNP [55], overlapping SNPs (i.e. within SV bound-
aries) from the BovineSNP50 and BovineHD SNP chips
were identified for each SV. This analysis was conducted
for the SNP chip loci for which positions could be deter-
mined on the reference genome (53,124 loci from the
BovineSNP50 chip and 776,694 loci from the BovineHD

chip). For both the Manta and Smoove sets most of the
SVs of a given type have no overlapping markers on
the BovineSNP50 chip (Table 3). Even with the higher
marker number of the BovineHD chip most of the identi-
fied SVs do not overlap with a marker (Table 3). There are
more duplications with SNP overlaps than deletions with
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Table 3 Number and percentage of SV loci that overlap with
markers on the BovineSNP50 and BovineHD SNP chips

Source Type BovineHD BovineSNP50
Manta DEL 2012 (9.33%) 376 (1.74%)
Manta DUP 849 (24.93%) 283 (8.31%)
Manta INS 0 (0%) 0 (0%)

Manta ALL 2861 (9.17%) 659 (2.11%)
Smoove DEL 6044 (9.99%) 715 (1.18%)
Smoove DUP 1529 (21.69%) 302 (4.28%)
Smoove All 7573 (11.21%) 1017 (1.51%)

Counts are of the number of SV loci with 1 or more SNP overlaps. Percentage is
based on the total number of SVs for the given category in Table 1

SNP overlaps, consistent with the larger size of duplica-
tions in the dataset (Manta duplications have a mean
length of 15,889 bp vs 3,278 bp for deletions; Smoove
duplications have a mean length of 7,593 bp vs 1,798 bp

for deletions). In total, 946 BovineSNP50 panel markers
overlapped with at least one SV identified by Manta, and
1,265 markers overlapped with at least one SV identified
by Smoove. For the BovineHD SNP chip, 14,519 markers
overlapped with Manta-identified SVs, and 20,518 mark-
ers overlapped with Smoove-identified SVs.

Structural variant LD with WGS and SNP chip markers

To examine the potential of detecting the effects of
these SVs on phenotype through tag SNP genotyp-
ing, tag SNPs (r*>=0.8 and within 10 kb) from the
BovineSNP50 and BovineHD SNP chips and from the
set of WGS SNPs were identified. This analysis was
conducted for the SNP chip loci for which genotypes
could be extracted from the SNP VCEF file (49,115 loci
from the BovineSNP50 chip and 667,612 loci from the
BovineHD chip). For the Manta SVs, the best tagged
variants are insertions followed by deletions and then
duplications, whereas for Smoove, duplications are
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Table 4 Number of SV loci with tag SNPs from the BovineSNP50
and BovineHD SNP chips and from the set of WGS SNPs

Source Type BovineHD BovineSNP50 WGS

Manta ALL 6636 (21.27%) 1161 (3.72%) 15,336 (49.16%)
Manta DEL 4778 (22.16%) 850 (3.94%) 10,625 (49.27%)
Manta DUP 61 (1.79%) 8(0.23%) 707 (20.76%)
Manta INS 1797 (28.85%) 303 (4.87%) 4004 (64.29%)
Smoove  ALL 5785 (8.56%) 981 (1.45%) 15473 (22.91%)
Smoove  DEL 5603 (9.26%) 960 (1.59%) 12,460 (20.60%)
Smoove  DUP 182 (2.58%) 21 (0.30%) 3013 (42.74%)

Counts are the number of SV loci with 1 or more tag SNPs. Percentage is based
on the total number of SVs for the given category in Table 1

better tagged than deletions (Table 4). Overall, Manta
variants are better tagged by the three SNP sources
(49% by WGS, 21% by BovineHD, 4% by BovineSNP50)
compared to Smoove variants (23% by WGS, 9% by
BovineHD, 1% by BovineSNP50). Since the r* results
are influenced by genotype accuracy, the true propor-
tion of SVs with SNPs meeting our tag SNP criteria
could be higher.

Variant annotation and prioritization

To assess the potential biological significance of the iden-
tified SNPs, indels, and SVs, functional consequence pre-
dictions (e.g. intron_variant, transcript_ablation, etc.) and
impact categories (HIGH, MODERATE, LOW, MODI-
FIER) were obtained for all variants using Ensembl
VEP [56]. For Manta and Smoove, 3.1% and 1.5% of the
sites were annotated as having a predicted high impact,
respectively (data not shown). VEP was run using the
—pick option, which causes it to report a single block
of annotation for each site chosen based on an ordered
set of criteria that favors, for example, transcripts sup-
ported by stronger evidence. While this option helps to
keep output files more manageable it necessarily omits
some possible consequences for some variants (e.g. a
deletion that spans multiple genes will have one of the
genes reported). Moreover, we noticed inexplicably
low impact predictions for some known SVs of high
impact. For this reason, an additional feature overlap
analysis was used to generate comprehensive lists of
genes that overlap by exon or CDS for each SV. Manta
and Smoove SVs were found to have exon overlap with
1,538 and 3,355 genes and CDS overlap with 1,214 and
2,624 genes, respectively (data not shown). SV informa-
tion from Manta and Smoove including genotype sum-
mary information, VEP impacts, overlapping genes,
overlapping panel SNPs, tag SNPs, and links to visual-
ize read alignments is provided in Additional files 3 and
4 (respectively).
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The Structural Variant Database for Dairy Cattle (SVDB-DC)
To assist with the sharing and evaluation of the results
of this study, we created the Structural Variant Data-
base for Dairy Cattle (SVDB-DC). The SVDB-DC user
interface consists of two main areas, the genome viewer
and sidebar. By default, the genome viewer shows the
reference genome (ARS-UCD1.2_Btau5.0.1Y), genes
(Ensembl release 105), GATK SNPs and Indels, and
Manta and Smoove SVs (this study). In addition, BAM
tracks are available for all 310 samples for visual inspec-
tion of any SV of interest in the dataset. The sidebar
has tabbed panels for easy access to SVs, tracks, fea-
tures, and tools. The SVs panel contains the list of all
SVs found in this study and a powerful search interface
that can be used to find SVs based on numerous search
criteria, including location, Hardy—Weinberg equilib-
rium (HWE) p-value, alternative allele frequency (AF),
VEP consequences, and VEP impact (Fig. 4). The Tracks
panel displays a list of the tracks that have been added to
JBrowse and includes buttons to minimize tracks, view
track details, and add additional tracks. The Features
panel is a filterable list of features currently visible in the
JBrowse viewer. Lastly, the Tools panel provides buttons
to open the currently visible map region in three exter-
nal genome browsers: NCBI Genome Data Viewer [57],
UCSC Genome Browser [58], and the Ensembl Genome
Browser [59]. Using the NCBI Genome Data Viewer, for
example, it is possible to load RNA-seq data sets from
various tissues to assess whether there is evidence for the
expression of a particular gene or exon located within the
region.

The default JBrowse genome browser interface has
been updated with additional custom components to
improve usability when working with several alignment
(BAM) tracks. Floating above the genome browser is an
“Action Bar” with quick action buttons to pan, zoom and
cycle through SVs. The Action Bar remains in place when
scrolling through multiple tracks. While adding tracks is
straightforward in JBrowse, customizing them one by one
can be laborious. To streamline the addition and adjust-
ment of BAM tracks, we implemented a “BAM Bar”
above the JBrowse map (Fig. 4). The BAM Bar includes
view options to change the display format of all the BAM
tracks and features a searchable multi-select box for
selecting specific BAMs to display on the map.

Representative BAM tracks for an SV of interest can be
viewed by right clicking the SV in the genome browser
and selecting “View SV Genotype Summary’, or, if view-
ing the SV in the SVs panel, by clicking the table button.
These actions display an SV genotype summary table
above the map that lists each observed genotype (e.g.,
0/0, 0/1, 1/1), the number of samples per genotype in
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the full dataset, and the samples (BAM tracks) displayed
for each genotype. Users can adjust the number of BAM
tracks shown per genotype from zero to five. A refresh
button is available to quickly load a new set of randomly
chosen BAM files. Sample sex information in the data-
base allows for the selection to be restricted to XX or XY
animals, which is useful when studying sex-linked loci.

SVDB-DC supports a simple URL API for quickly
accessing individual SVs. The URL format is https://
svdb-dc.pslab.ca/?sv=SVID where SVID is the ID of the
SV (e.g. manta-1234 or smoove-2345). This API auto-
matically positions the genome browser to the SV region,
displays the corresponding SV genotype summary table
above the genome browser, and loads the textual SV
details in the SV panel. Additional files 3 and 4 use this
URL structure to provide a rapid means of visualizing
SVs of interest in SVDB-DC.

Users wishing to perform additional analysis on the
SVs (filtering for example) can download the correspond-
ing VCF files from SVDB-DC using the Tracks panel.

Clicking on the information button next to a track name
in the Tracks panel opens an information window con-
taining links to the relevant data files.

Examining previously described SVs in SVDB-DC

Using SVDB-DC, many examples of potentially gene-
altering SVs can be identified and studied (Fig. 5). First,
we searched SVDB-DC for several previously reported
genic cattle duplications and deletions. Lee et al. [17]
describe two predicted high-impact duplications: a
150 kb duplication overlapping the POPDC3 gene and
an 86 kb duplication overlapping the ORM1 gene. Both
are found in our dataset: searching for POPDC3 in
the SVDB-DC SVs panel returns the 150 kb duplica-
tion as found by both callers and classified as “shared”
(manta-12179 and smoove-27445) (Fig. 5A); similarly,
searching for ORM1I returns the 86 kb duplication as
identified by both Manta and Smoove (manta-11405
and smoove-25971) (Fig. 5B). This duplication was not
classified as shared between callers due to the genotypes
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V(TR

not reaching the required concordance threshold. Sur-
prisingly, the ORMI duplications are not classified as

several genes. For this reason, we recommend using the
included gene overlap information in SVDB-DC and

high impact by VEP despite their extensive overlap with  Additional files 3 and 4 when prioritizing SVs.
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Oliveira et al. [60] reported four copy number variant
regions (CNVRs) associated with reproduction or dis-
ease traits, two of which exceed the 0.5 Mb size threshold
for our database. The remaining two are a 36 kb dupli-
cation on BTA5 (CNVR1) that overlaps the CD163L1
gene and a 43 kb duplication on BTA21 that overlaps
the G2E3 gene (CNVR3). CNVR3 is readily found in
SVDB-DC as smoove-53677 (Fig. 5C). Multiple overlap-
ping SVs are found in SVDB-DC for the CD163L1 gene
region, including large duplications reported by Manta
(manta-7225, 83 kb) and Smoove (smoove-16775, 220 kb;
smoove-16782, 81 kb). Due to the complexity of this
region, it is difficult to match a particular SVDB-DC SV
to CNVRI, but the results support that this region dis-
plays copy number variation.

Charlier et al. [9] identified a 3.3 kb deletion in the
FANCI gene that leads to brachyspina syndrome, a rare
recessive genetic defect in Holstein cattle. This SV is
found in SVDB-DC as a shared site (manta-23853 and
smoove-53159) (Fig. 5D). As with some other genic SVs
in this dataset, VEP assigned a predicted impact rating of
“low” despite the extensive gene overlap.

Schiitz et al. [10] reported that lethal haplotype 5 [61]
in Holstein cattle is a 138 kb deletion on chromosome
9 which encompasses the TFBIM gene. SVDB-DC con-
tains this deletion as a shared site (manta-12650 and
smoove-28756) (Fig. 5E).

For each of these previously described regions SVDB-
DC provides a variety of useful information including
precise SV boundaries across samples, allele and geno-
type frequency information, overlapping genes, overlap-
ping SNPs, and tag SNPs.

Examples of additional well-supported genic SVs

in SVDB-DC

We looked for additional examples of well-supported
(by visualization in SVDB-DC) SVs that overlap with
known or predicted genes. A 146 kb duplication iden-
tified by both Manta and Smoove (manta-21329 and
smoove-47717) encompass several genes including
FOXC2 (Fig. 5F). FOXC2 is highly expressed in horn
tissue and bone and may be involved in horn devel-
opment [62]. A 120 kb duplication (manta-8270 and
smoove-18884) contains the N4BP2 gene (Fig. 5G). Vari-
ants of N4BP2 may be associated with nonsyndromic
cleft lip in humans [63]. An 8 kb deletion (manta-25413
and smoove-56585) includes a portion of the GSTA3 gene
(Fig. 5H), which is a member of the glutathione-S-trans-
ferases family of proteins best known for their roles as
detoxification enzymes [64]. Interestingly, like the FANCI
and TFBIM deletions, the GSTA3 deletion is observed
only in heterozygous form in this study population, rais-
ing the possibility that it too is harmful in homozygous
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form. However, given the deletion frequency in this sam-
ple set (0.06), the absence of the homozygous genotype
could also be due to chance (HWE p-value 0.61).

Using SVDB-DC to determine SV boundaries

Although the locations of SVs can be parsed from a VCF
file or another textual representation, it can be difficult
to gauge the support of position information across sam-
ples and between SV callers. SVDB-DC permits visu-
alization of VCF-extracted position information as SV
features, which can then be compared to read alignments
viewed in BAM tracks. Figure 6AB shows a compari-
son of the Manta and Smoove results (manta-8270 and
smoove-18884) for the N4BP2 duplication. Both repre-
sentations start at the same position, but the end position
differs by a single bp. Visualization of the read align-
ments supports the Smoove end position. Figure 6CD
shows Manta and Smoove deletions (manta-10376 and
smoove-23491) that overlap with a spliceosomal RNA
gene; in this case zooming in on the SV boundaries shows
that the end positions match and are supported by the
read alignments, whereas the start positions differ, with
the Smoove start position being the correct one. The SVs
(manta-8270, smoove-18884, and smoove-23491) appear
to begin 1 bp before the positions suggested by the read
alignments (Fig. 6AC), however, this is a consequence of
how these SVs are stored in VCFs. According to the VCF
specification [65], for insertions and deletions where one
of the REF or ALT alleles would be empty, or duplications
with a symbolic allele (e.g.<DUP>), the start position
includes the base before the event. This is the case for all
the Manta and Smoove results.

Examining sex chromosome SVs

There were few Y chromosome SVs identified in the data-
set (12 by Manta and 99 by Smoove). None overlap with
exons based on the feature overlap analysis, and all were
annotated as intergenic by VEP. On the X chromosome
there were 1075 and 1761 SVs identified by Manta and
Smoove, respectively. As with the Y chromosome, the
density of SVs detected is low relative to the autosomes
(Additional file 2). Among the X chromosome sites we
did not find any strong candidate functionally important
SVs (looking for SVs identified by both callers and that
overlap with CDS exons).

The ability to group samples by sex in SVDB-DC is
useful for interpreting sex chromosome SVs. Additional
file 5 shows the manta-30188 / smoove-65778 dele-
tion, which is located within an intron of the ATP1B4
(ATPase Na+/K+transporting family member beta
4) gene. Grouping samples by sex using the SVDB-DC
interface convincingly shows the presence of a heterozy-
gous female and three hemizygous males. Without sex
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information it is more difficult to assess the read cover-
age results and genotype frequencies: if the samples are
all interpreted as male, then the heterozygous sample
would appear to be incorrectly genotyped, and if the
samples are treated as female, then the genotypes appear
to be suspect due to the departure from HWE expecta-
tions (p=4.47x1077).

Deletion artifacts from processed pseudogenes

Visualizing read alignments in SVDB-DC in gene regions
can reveal cases where deletions correspond exactly to or
close to intronic segments. Often such deletions affect
multiple adjacent introns or sometimes all the introns in
a gene. Figure 7 shows an example involving the COPA
gene. A single individual in this study (ERS2600177) has
a series of apparent intronic deletions in COPA. Mean-
while, the COPA exons in this sample show unusually
high coverage in comparison to other samples. Both
characteristics are consistent with reads from a COPA
processed pseudogene locus aligning to the reference
gene. Both Manta and Smoove are making reasonable
predictions in the case of these artifactual deletions: the
reads from the processed pseudogene align with the ref-
erence gene, and those that span exon boundaries are
split just like those produced from genuine deletions.

Further inspection of the read alignments in this indi-
vidual revealed that the processed pseudogene-derived
reads come from an integration event on chromosome 7
(not shown). Visual assessment of sites with notable VEP
impacts or feature overlaps using SVDB-DC is recom-
mended given the potential of processed pseudogenes
to lead to deletion SV calls in gene regions. The bounda-
ries of these SVs sometimes overlap with or span exons,
leading to exon overlaps being reported, and in many
cases moderate or high-impact predictions. Signs we
take to suggest involvement of a processed pseudogene
include deletions with boundaries close to or match-
ing intron boundaries, higher coverage of the adjacent
exon regions than background levels (due to the reads
from the processed pseudogene aligning with the ref-
erence gene), a succession of multiple deletion calls
from the same individual(s) affecting a series of introns
in the same gene, and predominantly or exclusively
heterozygous deletion genotypes.

Discussion

In the present study we aimed to provide an updated,
thoroughly annotated and characterized set of cattle SVs
from two SV callers. Furthermore, we sought to present
the results in a way that allows us and others to make
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full use of the results in ongoing efforts to link specific
DNA differences to phenotypic variation. Although we
conducted a large-scale SV analysis in cattle previously
[21], the current effort supersedes this previous work in
terms of the quality of input data, the performance of the
SV callers, the quality of the reference assembly (UMD
3.1 in the previous study and ARS-UCD1.2 with the Y
chromosome from assembly Btau5.0.1 in this work), the
comprehensiveness of the SV characterization and anno-
tation approaches, the handling of sample sex and sex
chromosomes, and the approach used for data sharing
and visualization. Most notably, the SVDB-DC allows the
underlying supporting read data for any SV in the dataset
to be scrutinized down to the nucleotide level, and pro-
vides access to the raw genotypes, annotations, and other
analysis results (e.g. tag SNPs) generated.

The characteristics of the Holstein cattle SVs we identi-
fied support the potential importance of SVs in contrib-
uting to phenotypic variation in this breed: they cover
a greater portion of the reference genome in the study
population than SNPs and indels; most are polymorphic
within the group of animals studied; and variant effect
prediction and feature overlaps suggest potential moder-
ate or high impacts on a variety of genes. With the caveat
that SV calls from short-read are of modest accuracy
[66—68] and that functional predictions are limited by

incomplete knowledge of the roles of reference genome
regions and by the complexity of biological systems, the
results support continued efforts to identify and under-
stand the roles of SVs in this breed.

To reduce the presence of false positive SVs, a vari-
ety of strategies have been applied in previous work,
for example requiring that SVs be identified by multiple
approaches [17, 29, 31], and filtering based on popula-
tion frequency [69]. A limitation of the present work is
the permissive filtering used to generate the SVs, which
we would expect to lead to more false-positive SVs in our
dataset compared to those generated using more strin-
gent filters. With the goal of building a large catalogue
of putative SVs that can each be further examined visu-
ally, we did not apply downstream filtering of SV results
beyond what was recommended by the Manta and
Smoove developers. Using the SV database refined sets
of SVs can be generated through filtering on frequency,
calling program, HWE p-value, and a variety of other
criteria. The SV VCEF files are also available from SVDB-
DC, allowing others to apply custom filtering approaches
programmatically.

There are several other studies that have identified
SVs in large populations of cattle using Smoove. In Bhati
et al. [70], Smoove identified 61,806 SVs in 183 cattle
genomes, similar to the 67,550 that we found. Lee et al.
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[17] identified 13,731 SVs in 266 Holstein—Friesian sam-
ples (prior to filtering) with Smoove. Another popular
tool for SV detection is CNVnator [71], which both we
and others have used. In a previous study using CNVna-
tor, we found 124,302 CNV regions in 96 Holstein cat-
tle [29] whereas Couldrey et al. [26] found 43,708 CNVs
with the same tool in 556 Holstein-Friesians, Jerseys,
and Holstein—Friesian x Jersey crossbreeds. Differences
in population size and makeup, library generation and
sequencing methods, SV calling software and param-
eter use, and data filtering are all potential reasons for
the large variation in the numbers and sizes of structural
variants detected in these studies and make comparisons
between datasets challenging.

Although we did not filter the SV results, we applied
a quality control step in the form of comparing kinship
coefficients calculated using the SV genotypes from
Manta and Smoove to those calculated using SNPs. This
step is valuable in that it can reveal problems in data han-
dling; for example, if genotypes from any of the callers
are matched incorrectly to samples (e.g. through assum-
ing samples are ordered in a particular way across VCF
files) the correlation can be lost altogether. In the absence
of trio information or a set of independently established
“gold standard” SVs, the examination of kinship corre-
lations also gave us a means to compare genotype qual-
ity among the different SV types and between Manta
and Smoove within the study dataset. Our findings that
deletions performed better than duplications is consist-
ent with formal evaluations of SV callers showing that
deletions are more accurately called by SV callers than
duplications [66, 68]. Generally, higher coverage data
results in more precise SV calls [72], particularly for
allelic copy number variations [16]. Downsampling the
raw read datasets to improve computational resource use
may have impacted SV detection and genotyping, espe-
cially in regions of lower-than-average coverage. For all
variant types, Manta genotypes produced higher kin-
ship coefficient correlations with SNPs than did Smoove
genotypes. These results reflect the filtering steps applied
and could change if further filtering were performed. A
recent comparison of SV callers using high-quality sets
of known variants and that included Manta and Smoove
(Smoove is used to run Lumpy) reported Manta as the
top performer of all the programs [67]. As far as the prac-
tical implications of these findings on the use of SVDB-
DC we suggest using the Manta genotypes for the sites in
our study that were identified by both callers and treating
duplications with more skepticism than deletions. How-
ever, for determining the end point of such SVs we find
that Smoove often gives more accurate results (see exam-
ples in Fig. 5).
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An important part of identifying well-supported SV
genotypes and of refining SV boundaries is the visuali-
zation of read alignments [73, 74]. Historically a major
challenge in this regard is the user interaction and time
required for loading the requisite BAM files into a visu-
alization tool like IGV [75] and navigating to regions of
interest. To circumvent this issue the SV-plaudit frame-
work can be used to create a gallery of static read align-
ment and SV signal images for manual assessment [74].
However, SV-plaudit images don’t support zooming,
customization of the display, or accessing the underly-
ing BAM file fields to explore specific aspects of the raw
data. For this reason, we built a custom web-based data-
base (SVDB-DC) that uses JBrowse 2 to display BAM file
information from a selection of samples chosen to rep-
resent the different genotype classes observed for the
SV. We also created a searchable list of SVs and a URL
API that can be used to quickly navigate to SVs of inter-
est. It is important to note that no matter how convenient
the visualization system, it is not feasible for a person to
inspect all the SVs. Instead, the intention is to allow loci
or SVs of interest to be studied in detail.

The utility of the integrated read alignments was shown
for several SVs, providing support for SV genotypes and
allowing SV positions to be refined. In the absence of
functional evidence linking sequencing-discovered SVs
to phenotype we can only speculate about the potential
phenotypic relevance of the sequence variation. However,
the tag and overlapping SNPs provided in SVDB-DC may
prove useful in their study. Although we focus on genic
SVs, those that do not overlap with genes may be of inter-
est as well. Indeed, the 80-kb DNA duplication on BTA1
that is associated with horn absence [7] can be readily
found in our dataset, having been identified by both Manta
(manta-37) and Smoove (smoove-80) (data not shown).

Inspecting read alignments in SVDB-DC revealed that
processed pseudogenes likely produce some of the gene
region deletions in the dataset, and an example involving
the COPA gene was featured. Processed pseudogenes are
known to be variable across populations, and recent stud-
ies have focused on their identification using SV calling
tools or other approaches [76, 77]. For loci that are geno-
typed for breeding or management purposes, which is
true of COPA since it affects coat colour [78], the presence
of a processed pseudogene can be problematic if it leads to
incorrect or missing genotypes [79], through the uninten-
tional assessment of the processed pseudogene sequence.
The COPA processed pseudogene reported here appears
to have a mutation (relative to the source locus) immedi-
ately adjacent to the Dominant Red (DR) mutation site,
but the DR site (in the pseudogene) matches that of the
ancestral wild-type allele, suggesting that it won't lead to
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incorrect DR genotypes. Some processed pseudogenes are
biologically relevant: even though they tend to accumu-
late mutations preventing the production of a functional
protein, they can be transcribed to produce antisense
RNA that interferes with the activity of the parental gene
and some contain ORFs that produce biologically relevant
proteins (reviewed in Troskie et al. [80]).

Confirming functional roles of SVs from this study and
others requires genetic or molecular studies. The former
have been done in cattle [60, 81] using SNP chip geno-
types and signal intensity measures that are converted to
CNV genotypes using programs like PennCNV [54] and
QuantiSNP [55]. Although these approaches have suc-
cessfully identified associations with very large SVs [60,
81], our findings suggest that most of the SVs in Hol-
stein do not overlap with SNPs on the BovineSNP50 or
BovineHD SNP chips, and thus can’t be assessed using
this approach. Linkage disequilibrium between SNPs
and an SV locus can permit the effects of the SV to be
identified using tag SNPs. Based on our results most of
the SVs in this dataset are not tagged by a SNP on the
BovineSNP50 or BovineHD SNP chips, again limiting
the utility of these chips for studying these SVs. Nearly
half of the Manta SVs and 23% of the Smoove SVs have
a WGS tag SNP, raising the possibility of adding new tag
markers to SNP chips for SVs of interest. As for molecu-
lar studies of function, the SVDB-DC with its ability to
display SV boundaries across individuals in conjunc-
tion with genome feature information could be useful in
developing research strategies and reagents (e.g. molecu-
lar probes or primers for genotyping, measuring gene
expression, or modifying gene activity).

An alternative to direct genotyping of individuals for
SVs is to use imputation to infer SV genotypes in indi-
viduals with SNP chip genotypes [31, 82]. Long-read
sequencing is especially exciting in this regard since the
reads can capture the entirety of many SV alleles and can
more often be unambiguously aligned to the reference
genome, which should lead to a more accurate and com-
prehensive catalogue of SV locations and genotypes [5].
Even with the anticipated migration to better sequencing
technologies the results of the present study will remain
useful as a source of SNP, indel, and SV genotypes and
annotations. Moreover, the data visualization and sharing
approach developed here can be adapted to future data-
sets to increase the utility of the data.

In summary, this large collection of SV, SNP, and indel
genotypes from 310 Holstein cattle, the accompanying
database that supports the inspection of SV regions to
the nucleotide level, and the associated functional pre-
dictions, tag, and overlapping SNP information can be
used in ongoing efforts to study SVs and to use SV infor-
mation in the improvement of this important breed.
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Additional file 1. Samples used in this study. Excel file of sample informa-
tion including NCBI BioProject, BioSample, and SRA sample identifiers,
sequence coverage metrics, sex as reported in the BioSample metadata,
and inferred sex from sequence coverage.

Additional file 2. Distribution of Manta and Smoove SVs and genes in the
cattle genome. Each chromosome is represented by three tracks: Manta
(top), Smoove (middle) and genes (bottom). The Manta and Smoove
tracks show duplications and deletions as orange rectangles and the gene
track shows genes as blue rectangles. All tracks are overlaid with density
plots of the features in the track using a window size of 500 kb (black). The
X-axis is the chromosome position in Mb. The plot was created with the R
package karyoploteR.

Additional file 3. Manta structural variants. Excel file of Manta SVs, includ-
ing genotype summary information, VEP impacts, overlapping genes,
overlapping panel SNPs, tag SNPs, and links to visualize read alignments.

Additional file 4. Smoove structural variants. Excel file of Smoove SVs,
including genotype summary information, VEP impacts, overlapping
genes, overlapping panel SNPs, tag SNPs, and links to visualize read
alignments.

Additional file 5. Sex chromosome SV visualized with SVDB-DC. The
manta-30188 / smoove-65778 deletion, located on chromosome X, is
shown in (A) female and (B) male samples. The selected sex (red box)
restricts the genotype counts (orange box) and the BAM tracks to that
sex. The “Genes (NCBI release 106)"track displays gene feature information
from NCBI. The two horizontal lines in this track extending the width of
the view represent an intron shared by two isoforms (or transcript vari-
ants) of the ATP1B4 (ATPase Na+/K+ transporting family member beta 4)
gene. The remaining tracks show the Manta and Smoove SVs followed by
the read alignment (BAM) tracks for a single sample from each genotype
category.
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